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ABSTRACT 

Two Block Adaptive Quantization (BAQ) algorithms 
considered for implementation on-board Sentinel-1, the 
Entropy Constrained BAQ (ECBAQ) and the Flexible Dynamic 
BAQ (FDBAQ) are investigated with real data acquired by 
TerraSAR-X. The two algorithms are compared with respect to 
the resulting signal-to-quantization-noise ratio (SQNR) and the 
compression rate. The results confirm the improved 
performance of FDBAQ to be expected for Sentinel-1 
compared to the more conventional ECBAQ. 

Index Terms—Block adaptive quantizer, quantization, data 
compression, synthetic aperture radar (SAR). 

1. INTRODUCTION 

SAR satellite data provide a wide range of applications. 
Technically the recent SAR sensors provide large bandwidth, 
high sensitivity, multiple operating modes and increased 
operation time in orbit. Future digital beam forming promises 
much wider swaths leading to a further increase of the payload 
data rate. This forces a better on-board raw data compression 
since the data downlink remains often the bottleneck of a 
satellite SAR mission. 

The conventional data compression technique applied to 
SAR systems is often the block adaptive quantization BAQ [1], 
but future SAR missions require methods with better 
compression performance. Beside vector quantization methods 
[2] and Trellis coding [3] there are also effective BAQ 
algorithms, like the Entropy Constrained BAQ (ECBAQ), [4,5] 
or the newly introduced Flexible Dynamic BAQ (FDBAQ), 
[6,7,8] selected for implementation on-board Sentinel-1 [6]. 
In this paper the anticipated FDBAQ performance in terms of 
SQNR and compression rate based on simulation is confirmed 
using real satellite data and compared to ECBAQ. Essential for 
this investigation was the availability of high dynamic range (8-
bit) data from TerraSAR-X. 

2. ALGORITHM DESCRIPTION 
2.1. Entropy Constrained Block Adaptive Quantization 
The Entropy Constrained BAQ is a widely discussed BAQ 
algorithm in the field of Synthetic Aperture Radar. There are a 
lot of variants of this algorithm, which are e.g. described in [4, 
5]. Within this work we have used the algorithm as it is 
described in [4], which consists of a uniform BAQ followed by 
an Entropy coder combined with a step size control. An 
Entropy coder is a lossless coder; here we use a Huffman 

coder. The BAQ coding is performed in the time-domain. The 
step size control corresponds to a scaling of the input data of 
the individual block to a reference standard deviation

refσ .  

The combination of a uniform BAQ with a Huffman coder 
was shown to be the optimum quantizer [4, 5]. The 
approximate average distortion achievable by this combination 
is comparable to the Shannon optimum performance, as given 
by the distortion rate bound [5]. The block diagram of the 
ECBAQ is given in Fig. 1. Inputs are the block length BL, 
necessary for the extraction and recombination of the 
individual blocks, as well as the bitrate RBAQ, which is fixed for 
the whole acquisition. 

 
Fig. 1.  Block diagram of the ECBAQ. 

2.2. Flexible Dynamic Block Adaptive Quantization 
The FDBAQ was first introduced in [7]. It is a BAQ which can 
have uniform or non-uniform spacing between thresholds 
followed by an Entropy coder, see [7, 8]. Since the described 
ECBAQ already defines an optimum quantizer, for the FDBAQ 
the same BAQ kernel as for the ECBAQ has been 
implemented.  
In contrast to ECBAQ, the FDBAQ adapts the bitrate of every 
block with respect to the range location of the data block and 
thus with respect to the NESZ variation along range, and with 
respect to the mean signal backscatter, by fulfilling the so-
called NESZ boundary condition. Thus, it uses a minimum 
number of bits and establishes a uniform NESZ along range to 
quantize the data. In Fig. 2, the block diagram of the FDBAQ is 
shown. 

The range dependencies are determined by generation of 
the so-called range dependent scaling function ( )rη . The range 

dependent scaling function is sensor dependent and given in 
Section 3 for the implementation with TerraSAR-X real test 
data. Given optimized quantization thresholds (defined for 
uniform (or non-uniform) quantization according to the 
maximum/minimum tolerable SQNR) and a backscatter model 
are used to calculate the minimum bitrate, which fulfills the 
NESZ boundary condition. According to the 5 discrete bitrates  
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Fig. 2.  Block diagram of the FDBAQ. 
and the measured mean magnitude of the individual raw data 
block, which corresponds to the mean backscatter of the block, 
the bit rate is selected and the according quantization 
thresholds are applied. For fast on-board quantization pre-
calculated Look-Up-Tables can be used. A BAQ that applies a 
constant bitrate over the whole scene independent of the input 
radar signal power introduces a degradation of the SNR since 
the SNR varies with the power of the detected radar signal [8]. 
Using the FDBAQ the bitrate will be controlled in a flexible 
way as a function of the input radar signal power. By allocating 
more bits to high signal levels, the SQNR can be improved 
resulting in an improved NESZ in the final image. This can be 
performed by controlling the quantization noise QN in order to 

keep the total noise power always below a threshold, which is 
defined by the tolerable noise at the NESZ condition: 

( )
0T QN N

NESZ f
r

σ
η
+

= = ≤  (1) 

where 
TN  denotes the thermal noise, ( )rη is the range 

dependent scaling function, 0σ is the backscatter coefficient, 
f denotes the NESZ boundary condition and 

QN  is the 

maximum tolerable quantization noise power. 

3. RANGE DEPENDENT SCALING FUNCTION 

Within the range dependent scaling function (RDSF) all range 
variant and mission specific parameters are enclosed.  

Starting from the radar equation of distributed targets [9] and 
using the relation /az azLθ λ≅ for the azimuth beam width, the 
RDSF results in: 
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where 
tP  is the transmit power, c  is the speed of light, 

pτ  is 

the pulse duration, 
atmL  is the loss due to atmospheric 

attenuation, 
2 ,way rgG  is the two-way gain in range, 

2 ,way azG∆  

denotes the degradation due to azimuth integration and azimuth 
steering and azL is the azimuth antenna length. The parameter 

earthη  denotes the local incidence angle on Earth and ( )rϕ  is the 

off-Nadir angle of the antenna. 

4. BAQ COMPARISON USING TERRASAR-X DATA 

In Fig. 3 the BAQ comparison environment for Sentinel-1 
requirements by using TerraSAR-X test data is given.  

 
Fig. 3. FDBAQ implementation definition derived from Sentinel-1 
requirements for TerraSAR-X data quantization. 

There are Sentinel-1 specific sensor requirements: 
 5 discrete bitrates, due to limitations of on-board 

electronics of Sentinel-1 
 16 range zones, equidistantly distributed over range 

Furthermore we have to take into account TerraSAR-X specific 
sensor requirement [10]: 

 the range dependency, given by the RDSF ( )rη  

 the thermal noise TN  
 the range zones r  

Additionally a slant range model is required to simulate the 
incidence angle variation on Earth and the resulting slant range 
variation, which both are needed to determine the RDSF. The 
slant range model can be defined by approximation, or directly 
using the geometry of the real scene.   
Further we have the Image Quality requirement, i.e. the NESZ 
boundary condition. The relation between bitrate and SQNR is 
defined by the rate distortion function, which has been 
generally shown to be a linear function of the bitrate R  after 
Entropy coding [5]: 

6.05 0.33dBSQNR R= ⋅ +  (3) 
The coefficients of Eqn. (3) were determined by experimentally 
evaluating non-quantized TerraSAR-X data with five different 
quantizers (R between 2.49 and 4.19) with given quantization 
threshold values, according to the selection for implementation 
onboard Sentinel-1. Furthermore, the mean backscatter was 
calculated from the measured mean magnitude of the individual 
raw data block. The SQNR is generally defined as: 

( )
( )

0 /
/
TT

Q Q

N rS NSQNR
N N r

σ η
η

++
= =   

(4) 

Combining Eqn. (1) and Eqn. (4) defines the boundary 
condition for the tolerable minimum SQNR: 

( ) ( ) ( )10 0 1010 log logT T
dB

N NSQNR R f
r r

σ
η η

    
≥ ⋅ + − −            

  
(5) 

And taking the rate distortion function (Eqn. (3)) into account, 
the boundary condition for the bitrate, which is the basic 
function for the bitrate selection in the FDBAQ algorithm, can 
be written as: 

 
( )( ) ( ) ( )10 0 10

0

log log 0.033
,

0.605

T TN Nf
r r

R r
σ

η η
η σ

   
+ − − −   

   ≥
       

(6) 

 

computation of  
block mean magnitude 

select bitrate R by 
magnitude from LUT 
   

derive range dependent 
scaling function 

select encoding thresholds 
according to bitrate R 

uniform 
BAQ 

 

mean magnitude 

Entropy 
coder 

calculate minimum bitrate  

 
ECBAQ  

raw data 

block length BL 

raw data 
block 

... 

compressed 
raw data 
block 

... 
compressed 
raw data 

sd 

 

rate distortion function 

R 

fill LUT 
0σ model 

optimized 
threshold model 

Sensor Sentinel-1 
5 discrete bitrates R 
16 range zones (equidistant)  

 

 

Backscatter Distribution 
measured on real scene 
(radar frequency, e.g. X-band) 

 

( ) 33.005.6 +⋅≈ RRSQNRdB

 

Sensor TerraSAR-X 
range dependent scaling function  
Noise NT ; Range Zones r 

 

 

 Look-Up-Table for one specific 
Mode, Beam: 

  
 

0σ  
 

 1     2     3   … 

Slant Range Model 
Approximation, Real 
Scene 

Image Quality Requirements 
NESZ-boundary condition 
(Sentinel-1, TerraSAR-X) 

Minimum data rate requirement 
(Eqn. (6)) 



 
Fig. 4. TerraSAR-X test scenarios: (a) Amazonian Rainforest      
  

Using this equation, the bitrate is calculated for different range 
zones, and different radar backscatter, which is related to the 
mean magnitude. In the Sentinel-1 mission, an optimization of 
the BAQ quantizers has been performed using a backscatter 
distribution model. Sentinel-1 uses 16 different uniformly 
distributed range zones and the FDBAQ is implemented using 
5 predefined bitrates, which were selected based on an 
optimization process [8, 11]. The corresponding thresholds for 
each bitrate are stored on-board in Look-Up-Tables defined by 
the respective range zone and the radar backscatter of the 
individual data block, as shown in Fig. 3. For the TerraSAR-X 
investigation this optimization process has not been performed, 
as only two data sets are investigated.  

5. TEST SCENARIOS AND TEST RESULTS 
Data for two test scenarios have been acquired by TerraSAR-X, 
which are in plain 8-bit format, without any BAQ compression 
on-board. One data take (DT) is over an Amazonian Rainforest 
area, Fig. 4 (a), with nearly no variations of the radar 
backscatter coefficient, which provides the possibility to 
measure pure range dependencies. A second DT with high 
radar backscatter variation was acquired over Tokyo. The scene 
was chosen to cover also an urban area and having a region 
with water, e.g. a lake in the middle of the scene. This DT is 

 
Fig. 5. SQNR map in [dB] using FDBAQ (Amazonian Rainforest test site) 

 
(b) Tokyo 

used for the comparison of the two algorithms; see Fig. 4 (b). 
To visualize the regions of the image where the SQNR for both 
methods are different, a FDBAQ SQNR map and a difference 
map ECBAQ (with RBAQ=4, k=8)-FDBAQ SQNR, was 
generated for the Amazonian Rainforest test site and using the 
ECBAQ with RBAQ=5, k=11 for the Tokyo test site, 
respectively. The SQNR maps are given in Fig. 5 and Fig. 6. 
Note k denotes the positive number of quantization levels. The 
bitrate RBAQ can then be calculated by ( )2log 2BAQR k= . Due to 

the subsequent Huffman coding the effective bitrate R gets 
even smaller than RBAQ for the ECBAQ. 

6. COPMARISON OF ECBAQ AND FDBAQ 
The comparison is performed with respect to SQNR and 
compression ratio. SQNR is chosen instead of SNR to restrict 
the performance calculations to the contribution of the data 
quantization while not to emphasize the contribution of the 
other system parameters to the final image quality. 
Table I summarizes the SQNR, the Peak SQNR as well as the 
mean squared error MSE for the ECBAQ and FDBAQ tests. 
The FDBAQ leads to a small improvement of the SQNR of 
about 0.1 dB for the Rainforest data take and of about 0.5 dB 
for the Tokyo data take. Also it can be observed that the  

 
Fig. 6. SQNR map in [dB] using FDBAQ of the Tokyo test site 



TABLE I 
COMPARISON OF THE SQNR OF ECBAQ AND FDBAQ 

  
bitrate R 
[bit/sample] 

 k MSE SQNR 
[dB] 

PSQNR 
[dB] 

EC
B

A
Q

 
   

R
ai

nf
or

es
t  

2.49 4 210.85 15.46 38.41 
2.97 6 105.32 18.48 41.43 
3.33 8 64.43 20.61 43.56 
3.72 11 37.10 23.01 45.96 
4.19 16 20.11 25.67 48.62 

To
ky

o 

2.53 4 135.94 15.62 84.22 
3.02 6 68.39 18.61 87.21 
3.36 8 41.99 20.72 89.33 
3.75 11 24.32 23.09 91.70 
4.24 16 13.02 25.81 94.41 
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R
ai

nf
or
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t  3.41 8.23 nA 20.83 nA 

To
ky

o 
 3.78 11.19 nA 23.19 nA 

FD
B

A
Q

 R
ai

nf
or

es
t 3.41 8.23 64.42 20.92 43.56 

To
ky

o 
 3.78 11.19 23.27 23.68 91.87 

FDBAQ allocates more bits to the Tokyo data take because of 
the higher backscatter, i.e. higher data rates are used. The 
values for the equivalent ECBAQ in terms of bitrate, listed in 
Table I, are determined by using the rate distortion function, 
Eqn. (3). The grey high lightened rows show the examples, 
which are discussed in Section 5.  
The compression ratios obtained with ECBAQ and FDBAQ 
including Huffman coding are listed in Table II. 

TABLE II 
COMPRESSION RATIOS OF ECBAQ AND FDBAQ INCL. HUFFMAN CODER 

 

 

k bitrate R 
[bit/sample] 

BAQ comp. 
ratio 

BAQ + Huffman 
comp. ratio 

EC
B

A
Q

 
  

4 2.53 37.50% 31.69% 
6 3.02 44.81% 37.74% 
8 3.36 50.00% 42.04% 
11 3.75 55.74% 46.87% 
16  4.24 62.50% 52.92% 

FD
B

A
Q

 R
ai

nf
or

es
t  8.23 3.41 50.51% 42.63% 

To
ky

o 
 11.19 3.78 56.05% 47.25% 

After compression a data volume reduction by 37% to 62% of 
the input data can be achieved by the uniform BAQ. The 
additional Huffman coding introduces an additional 
compression of about 15%. Applying the FDBAQ a total 
compression of 42% for the Amazonian Rainforest test site and 
47% for the Tokyo test site, respectively, can be observed. Note 
that FDBAQ allocates more bits to the urban scene to maintain 
the same NESZ image quality.  

7. CONCLUSION 
Two BAQ algorithms, ECBAQ and FDBAQ have been 
analyzed. A test approach has been implemented for TerraSAR-

X test data compatible with the Sentinel-1 requirements. Both 
BAQ algorithms have been compared regarding the SQNR 
performance and compression ratio. If identical equivalent 
compression ratios are selected for ECBAQ and FDBAQ, for 
the Rainforest DT an average SQNR improvement of about 0.1 
dB was determined, which was mostly in near and far range 
regions. For the Tokyo DT the average SQNR improvement 
was about 0.5 dB mainly generated in the urban area and in 
near and far range regions. In the urban area an improvement of 
more than 2 dB was observed. 
 Because of its automatic adjustment of quantization 
parameters and therefore lowest averaged data rates for long 
systematic data takes, the FDBAQ has been selected for the 
Sentinel-1 mission [6], that has not been designed to adjust 
(optimize) gain for individual data takes. The investigation 
reported in this paper has shown for the first time by using real 
TerraSAR-X data that there are no hidden negative 
performance impacts of the FDBAQ on the SQNR caused by 
the flexible adjustment of the bitrate. On the contrary, for the 
same average data rates the FDBAQ slightly outperforms the 
ECBAQ because of its adjustment to the scene. 
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